The gene bifocal (bif), required for photoreceptor morphogenesis in the Drosophila compound eye, encodes a protein that is shown to interact with protein phosphatase 1 (PP1) using the yeast two-hybrid system. Complex formation between Bif and PP1 is supported by coprecipitation of the two proteins. Residues 992 to 995 (RVQF) in the carboxy-terminal region of Bif, which conform to the consensus PP1-binding motif, are shown to be essential for the interaction of Bif with PP1. The interaction of PP1 with bacterially expressed and endogenous Bif can be disrupted by a synthetic peptide known to block interaction of other regulatory subunits with PP1. Null bif mutants exhibit a rough eye phenotype, disorganized rhabdomeres (light-gathering rhodopsin-rich microvillar membrane structures in the photoreceptor cells) and alterations in the actin cytoskeleton. Expression of wild-type bif transgenes resulted in significant rescue of these abnormalities. In contrast, expression of transgenes encoding the Bif F995A mutant, which disrupts binding to PP1, was unable to rescue any aspect of the bif phenotype. The results indicate that the PP1-Bif interaction is critical for the rescue and that a major function of Bif is to target PP1c to a specific subcellular location. The role of the PP1-Bif complex in modulating the organization of the actin cytoskeleton underlying the rhabdomeres is discussed.
Reversible protein phosphorylation catalyzed by protein kinases and protein phosphatases regulates the majority of cellular functions and therefore might also be predicted to play key roles in the regulation of many developmental processes. One of the most abundant eukaryotic protein phosphatases that dephosphorylate serine and threonine residues is protein phosphatase 1 (PP1), which exhibits pleiotropic functions (8, 11, 38) . The known diverse actions of PP1 reside in the ability of the catalytic subunit of PP1 (PP1c) to associate with different regulatory subunits in vivo, which may target the catalytic subunit to specific subcellular locations and often modify its substrate specificity. The activities of the various PP1 complexes may thus be regulated differentially by intra-and extracellular signals acting upon the different subunits. Over 25 different regulatory subunits of PP1c have now been identified. For example, in mammals, glycogen binding subunits target PP1c to regulate the enzymes of glycogen metabolism and myosin binding subunits enable PP1c to regulate myofibrillar contractility (26, 27, 40) . Binding of PP1c to scaffold proteins may modulate ion channel activity (44) , while at neuronal synapses, neurabins I and II (also termed spinophilin) localize PP1c to the actin cytoskeleton at the plasma membrane (1, 32, 33, 37) . Interaction of subunits with PP1c is mutually exclusive, an observation explained by the discovery that a short motif-(R/K)(V/I)X(F/W)-present in the majority (but not in all) of these subunits is sufficient for binding to PP1c (18, 27, 47) . PP1c also binds to a number of small cytosolic inhibitor proteins, including inhibitor 1 (I-1) and I-2, which inhibit PP1c activity at nanomolar concentrations (reviewed in references 11 and 43) . In Drosophila melanogaster, a widely distributed I-2 protein, as well as a testis-specific I-2-like protein, has been identified (7, 22, 25) . A further PP1c-associated protein, KLP38B, a mitotic kinesinrelated protein which plays a role in mitotic chromosome condensation in proliferating cells, has also been reported in this species (2) , although it does not have a discernible PP1c-binding motif.
Four isoforms of PP1c exist in D. melanogaster (14, 16) . They are encoded at chromosomal loci 87B, 96A, 9C, and 13C. PP1-87B null mutants exhibit a lethal phenotype at the larval stage, failing to exit mitosis and showing overcondensed chromatin (4, 13) , while PP1-87B mutants with some residual activity are viable and exhibit dominant suppression of position effect variegation, indicating that PP1-87B also modulates chromosome condensation in interphase (6, 15) . In contrast, PP1-9C (flapwing) mutants are viable but flightless due to defects in indirect flight muscles (35) . These diverse phenotypes suggest that PP1c in D. melanogaster will be regulated by a variety of regulatory subunits comparable to those identified in mammals. In this communication we identify D. melanogaster Bifocal (Bif), required for the normal morphogenesis of the Drosophila compound eye, as a protein that interacts with PP1-87B via a PP1 consensus binding motif.
The D. melanogaster eye is an excellent model system for study of the developmental processes at the cellular and subcellular levels. The adult compound eye comprises ϳ800 repeats of a basic unit referred to as an ommatidium, each of which contains eight photoreceptor neurons (R cells) and an invariant array of nonneuronal accessory cells. R-cell development begins in the third-instar larval eye disc and is completed by the end of the third-instar larval stage (36) . In the midpupal stage (ϳ48 h post-puparium formation), each R cell projects to the center of an ommatidium, a microvillar stack of membranes rich in rhodopsin (called the rhabdomere). The position of each rhabdomere depends on the class of R cell from which it is produced (45) . R7 projects to the center of the ommatidium and contacts surrounding rhabdomeres of other R cells. R3 builds its rhabdomere against the stalk of R2 and R4, whereas R4 forms contacts with the rhabdomeres of R2 and R7. Rhabdomere development is essentially completed at 110 h of pupation (prior to eclosion), by which stage the rhabdomeres retract from the center of the retina, leaving behind an interretinal space (45) . At the subcellular level, the rhabdomeral microvilli are supported by an axial actin cytoskeleton comprising at least two actin filaments per microvillus (3). The barbed ends of the actin filaments are located at the distal ends of the microvilli, and the pointed ends project into the cytoplasm of the R cells.
The gene bifocal (bif) at chromosomal locus 10D was previously identified in a P-element transposition screen; null mutations in bif give rise to a rough eye phenotype in the adult (5) . Externally, bif mutant eyes exhibit occasional fusion of adjacent ommatidia and loss or duplication of bristles. More detailed examination revealed alterations in normal rhabdomere development; they become enlarged and frequently split. At the subcellular level, disorganization of the actin cytoskeleton was evident; actin staining becomes disordered and defective and the interretinal space is absent. In this paper, we show that an intact PP1c-binding site in Bif is required for rescue of the bif null mutant phenotypes, demonstrating a role for PP1 in regulating the organization of the actin cytoskeleton and the morphology of the rhabdomeres during development of the eye.
MATERIALS AND METHODS
General methods and the yeast two-hybrid analysis. Microbial strains and methods for the yeast two-hybrid screen using human PP1␥1 have been described (17, 24, 25) . In order to isolate proteins capable of interacting with PP1, the yeast strain Y190 containing a pAS2-PP1␥1 plasmid was transformed with DNA from a D. melanogaster third-instar larval cDNA library in pACT. Ten colonies (representing 0.008% of the cells transformed) were obtained on selective media, from which pACT plasmids were recovered into Escherichia coli, and their cDNA inserts were sequenced.
Oligonucleotides were synthesized by Audrey Gough (University of Dundee) on an Applied Biosystems model 394 DNA synthesizer. DNA sequencing was performed using Taq dye terminator cycle sequencing on PE Biosystems automated DNA sequencers.
Bacterial expression of Bif fused to glutathione S-transferase (GST) or maltose binding protein. To construct the GST-Bif fusion vector, a 1,931-bp BglII fragment from the pACT-D2 construct, encoding residues 761 to 1235 of the Bif protein, was ligated into the BamHI site of the vector pGEX-3X (Pharmacia). The construct was verified by DNA sequencing and was then transformed into E. coli BL21(DE3) (pLysS) for expression. A 500-ml culture of E. coli containing the pGEX-Bif expression construct was grown at 37°C to an A 600 of 0.5 and was then induced with a final concentration of 100 M isopropyl-␤-D-thiogalactopyranoside (IPTG) for 3 h at 37°C. The cells were harvested by centrifugation, resuspended in 25 45 ,000 ϫ g for 20 min, and the supernatant was added to 3 ml of glutathione-Sepharose (Pharmacia) equilibrated in lysis buffer. After incubation with mixing at 4°C for 1 h, the resin was washed three times with 20 ml of lysis buffer and was then transferred to an Econopac (Bio-Rad) column. Following further washing, the bound GST-Bif protein was eluted from the column with lysis buffer containing 20 mM free reduced glutathione. The peak protein fractions were pooled, concentrated by centrifugation through a Centricon 30 device (Amicon Inc.), and stored in aliquots at Ϫ80°C.
To construct the MBP-Bif fusion vector, the pACT-D2 BglII fragment (see above) was cloned into the BamHI site of plasmid pMAL-HA (plasmid pMAL-c2 [New England Biolabs, Inc.] modified to contain a hemagglutinin tag and additional restriction sites). After DNA sequencing, the plasmid was transformed into E. coli BL21(DE3) (pLysS) for expression. Expression and purification were performed as for the pGEX-Bif construct (see above), except that amylose resin was used and elution was performed with 20 mM maltose.
Mutagenesis of the Bif protein. The pGEX-Bif construct was mutated to encode GST-Bif in which F995 was replaced by A using the Quickchange mutagenesis system (Stratagene) and the complementary oligonucleotides CCGC GTGCAGGCTAACGACACGC and GCGTGTCGTTAGCCTGCACGCGG (mutated codon in boldface). After verification that the sequence was correct, the mutated GST-Bif protein was expressed and purified as described above for the wild-type (wt) protein.
Production of antibodies. Antisera were raised against the GST-Bif(761-1235) protein and bacterially expressed PP1-87B (25) in sheep at Diagnostics Scotland (Carluke, Lanarkshire, United Kingdom). Anti-GST-Bif antibodies were affinity purified on a column matrix of MBP-Bif(761-1235) linked to CNBr-Sepharose (Pharmacia, Uppsala, Sweden) and were then coupled to protein G-Sepharose (1 mg of immunoglobulin G [IgG] per ml of resin) using dimethylpimelimidate (19) . Anti-PP1-87B antibodies were similarly affinity purified on a column matrix of PP1-87B and coupled to protein G-Sepharose.
Immunoprecipitation and glutathione-Sepharose sedimentation. Mixed male and female D. melanogaster adults were homogenized in lysis buffer (detailed above) containing complete protease inhibitor cocktail (Roche Diagnostics). After centrifugation at 15,000 ϫ g for 10 min, the lysate was diluted to 1 mg/ml and precleared with preimmune IgG coupled to protein G-Sepharose for 1 h at 4°C. The supernatant was then incubated for 1 h at 4°C with anti-Bif IgG coupled to protein G-Sepharose. The immunoprecipitates were washed three times with lysis buffer and were then either subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or washed once with protein phosphatase assay buffer and used in protein phosphatase assays. For SDS-PAGE, 100 g of extract was used with 10 l of beads for each immunoprecipitate. For assays, 30 g of extract was used with 5 l of beads for each immunoprecipitate.
Glutathione-Sepharose sedimentation experiments were performed in a manner similar to that for immunoprecipitations using purified proteins in lysis buffer containing 0.1 mg of bovine serum albumin (BSA)/ml to limit nonspecific interactions.
Protein phosphatase assays. 32 P-labeled rabbit skeletal muscle glycogen phosphorylase was prepared by H. Y. L. Tung. Phosphatase assays were performed in the presence of 0.5 mM Mn 2ϩ (PP1␥ 1 and PP1-87B) or in the absence of divalent cations (endogenous PP1) as previously described (12) .
Immunoprecipitation-phosphatase assays were performed in a similar manner, except that a shaking incubator was used. One unit of phosphatase activity was that amount of enzyme that catalyzed the release of 1 mol of [ 32 P]phosphate/ min from [
32 P]phosphorylase a in the assay. Transgenic flies and fly stocks. In order to produce transgenic flies, full-length bif cDNAs were cloned into the pUAST vector (9) and injected into embryos using standard procedures. F 0 flies were crossed to yw flies, and w ϩ transformant progeny were collected and balanced. To ensure that these transgenes are capable of producing a Bif protein, several bif transformant lines were tested for expression by crossing to a mesodermal driver line, 24B-GAL4. The line 24B-GAL4 drives expression in the muscles where Bif is not normally expressed. Bif expression in embryos was visualized using anti-Bif antibody raised in sheep followed by a secondary antibody conjugated to horseradish peroxidase. To drive Bif expression in the eye, the pGMR-GAL4 driver, which allows Bif expression in many of the different cell types of the eye (20) , was used. In our experiments, the strain used for expression of the transgenes contains the bif R47 allele (5). This allele possesses an internal deletion that deletes 3 kb from coding exon 3, resulting in the absence of detectable Bif protein expression with anti-Bif antibody.
Immunostaining of eye discs and electron microscopy. Larval eye discs were dissected in accordance with previously published protocols with slight modifications (46) . Wandering third-instar larval eye discs were dissected in phosphatebuffered saline and fixed in 4% paraformaldehyde for 30 min on ice. The dissected discs were then washed, blocked with BSA, stained with anti-Bif primary antibody, and then treated with fluorescein isothiocyanate-labeled anti-sheep secondary antibody. The larval eye discs were mounted in Vecta-shield and were visualized using confocal microscopy. Pupal eye discs were dissected as previously described (10) and were fixed with 4% paraformaldehyde for 30 min on ice. The dissected discs were then washed and stained with tetramethyl rhodamine isothiocyanate-phalloidin and mounted in Vecta-shield medium for confocal microscopy. A Bio-Rad 1024 confocal microscope was used to visualize the images. For transmission electron microscopy, adult heads were embedded in Epon resin and processed in accordance with published protocols (41) , and ultrathin sections were counterstained with lead citrate and uranyl acetate. The sections were then visualized under a transmission electron microscope. For scanning of adult eyes, the heads were fixed, washed, and dehydrated with ethanol in accordance with the protocol described in reference 28 with minor modifications. These fly eyes were then visualized under a scanning electron microscope.
RESULTS

Identification of Bif as a PP1-binding protein.
In order to identify proteins capable of interacting with PP1, a yeast twohybrid screen of a D. melanogaster third-instar larval library was performed with human PP1␥ 1 as bait (24) . Ten clones, able to activate transcription of both the his3 gene (permitting auxotrophic selection) and the lacZ reporter gene in the presence of the bait, were identified (25) . One of these contained a cDNA, termed PP1D2, that encoded the 474 carboxy-terminal amino acids of the protein Bif (5). Residues 992 to 995 (RVQF) of Bif were seen to conform to the consensus PP1-binding motif of -(R/K)(V/I)XF-found in many regulatory subunits of PP1 (18) . We therefore decided to test whether the protein encoded by the PP1D2 clone could bind the major form of D. melanogaster PP1 encoded at locus 87B in vitro. Figure 1A shows that a GST-Bif(761-1235) fusion protein is capable of interacting with D. melanogaster PP1-87B in the gluthione-Sepharose sedimentation assay. The interaction is stable to 1 M salt (Fig. 1C) and is not seen with GST alone (data not shown) or mutated GST-Bif ( Following washing with lysis buffer (three times, 1 ml), the entire pellet fraction and 1/10 of the supernatant (S/N) fraction were separated by SDS-PAGE (10%) and the proteins were visualized with Coomassie blue (R250) stain. (A) Two micrograms (approximately 1 g of nondegraded protein) of GST-Bif(761-1235) was incubated with 0, 1, or 5 g of PP1-87B catalytic subunit. (B) The procedure described for panel A was followed, except that GST-Bif(761-1235; F995A) was used. (C) Two micrograms (approximately 1 g of nondegraded protein) of GST-Bif(761-1235) was incubated with 1 g of PP1-87B catalytic subunit in lysis buffer containing 150 (standard lysis buffer), 250, 500, 750, or 1,000 mM NaCl. Washes also contained these concentrations of NaCl. (D) The procedure described for panel C was followed, except that the standard lysis buffer contained 0 nM, 1 nM, 100 nM, 100 nM, 1 M, or 10 M peptide 294. Washes did not contain peptide. Marker proteins are in the first lane of each gel, and sizes are shown in kilodaltons. below). To investigate the PP1-Bif(761-1235) complex formation further, we utilized the synthetic peptide SP294, which comprises residues 773 to 810 of the human 53BP2 protein. This peptide contains the PP1-binding site of 53BP2 (18, 21) and has previously been shown to disrupt the interaction of PP1c with a number of its regulatory subunits (18, 22, 23, 29) . The peptide was capable of dissociating GST-Bif(761-1235) from PP1-87B (Fig. 1D ). SP294 at a concentration of 100 nM in the assay considerably reduced interaction, and 1 M SP294 completely blocked interaction.
To determine if the interaction was occurring through the consensus PP1-binding sequence within Bif, we mutated F995 to A. The analogous mutation has previously been shown to abrogate binding of other PP1-interacting proteins to PP1c (18, 22, 23, 42) and, as expected, mutation of F995 in the Bif protein completely blocked binding of GST-Bif(761-1235) to PP1-87B (Fig. 1B) . To analyze the interaction further, we performed a digoxigenin (DIG)-labeled PP1␥ 1 overlay of GST-Bif variants. Figure 2A shows that wild-type GST-Bif(761-1235) is able to bind DIG-PP1␥ 1 exceedingly well, whereas the ability of GST-Bif(761-1235; F995A) to bind DIG-PP1␥ 1 is much reduced. GST-53BP2(715-1005) and GST-G L (1-257) also bind DIG-PP1␥ 1 well, whereas GST-G L (94-257), which does not contain its PP1-binding site, is unable to bind to DIG-PP1␥ 1 . When higher amounts are loaded on the gel, GST-Bif(761-1235; F995A) can be observed to retain weak PP1-binding capacity in the overlay assay (data not shown), which may be explained by the very strong interaction of the wt GST-Bif(761-1235) with PP1. This strong complex formation is consistent with residues other than F995, probably in or near the consensus PP1 motif of Bif, contributing to the overall binding.
The Bif protein modulates PP1 phosphatase activity in vitro. Demonstration of an interaction of D. melanogaster Bif protein with PP1c raised the question of whether Bif would affect the activity of PP1c. Since human PP1␥ 1 was used to isolate the Bif protein in the yeast two-hybrid screen, we used both D. melanogaster PP1-87B and human PP1␥ 1 to perform the assays. Wild-type GST-Bif(761-1235) dramatically inhibits the phosphorylase phosphatase activity of both PP1-87B (Fig. 3A) and PP1␥ 1 (data not shown), with a 50% inhibitory concentration of approximately 1 nM. Mutation of F995 to A within the consensus PP1-binding motif of Bif totally abolishes this inhibition unless very high concentrations of the protein are used (Fig. 3A) , indicating that the inhibition is due to Bif and not to shown. In all assays the amount of PP1-87B was kept constant and such that (in the absence of other factors) 10% of the counts were released from phosphorylase during the assay. WT, wild type.
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Bif-PP1 (18, 22, 23, 29) . We therefore examined the effect of SP294 peptide on the activity of the PP1-GSTBif(761-1235) complex. Figure 3B shows that the peptide relieved the inhibition of PP1-87B caused by GST-Bif(761-1235) at a peptide concentration similar to that found to relieve inhibition of PP1c by other PP1-binding proteins under similar conditions. As expected, the peptide has no effect on PP1-87B activity in the absence of the GST-Bif(761-1235) protein (Fig.  3B) . The inhibition of PP1␥ 1 by GST-Bif(761-1235) was similarly relieved by peptide 294 (data not shown).
Interaction of endogenous Bif protein and PP1 in D. melanogaster extracts.
In order to be certain that interaction of bacterially expressed PP1-87B with the GST fusion of the carboxy-terminal half of the Bif protein was not an in vitro artifact, we examined endogenous D. melanogaster proteins for the presence of Bif. Figure 4A shows that the anti-Bif antibody is capable of immunoprecipitating a band from embryo D. melanogaster extracts that is the same size as the PP1-87B catalytic subunit and is recognized by the anti-PP1-87B antibody. This band is only seen in the postimmune (anti-Bif IgG immunoprecipitate) track and is therefore highly likely to represent endogenous PP1c. The low abundance of the endogenous Bif protein in D. melanogaster extracts made its detection difficult following SDS-PAGE and necessitated the use of biotinylated anti-Bif antibody followed by avidin-horseradish peroxidase. This method visualizes endogenous Bif proteins migrating at approximately 150 kDa in anti-Bif immunoprecipitates (Fig.  4B) . In addition many smaller immunoreactive fragments are detected, suggesting that Bif is extensively degraded in anti-Bif immunoprecipitates, despite the presence of protease inhibitors. These immunoreactive bands are seen only in the postimmune IgG (anti-Bif immunoprecipitate) and therefore are very likely to represent endogenous Bif fragments. Note that the bacterially expressed GST-Bif(761-1235) also contains some degraded fragments.
Further evidence that a complex is formed between endogenous Bif and PP1 was obtained by assaying the protein phosphatase activity associated with Bif immunoprecipitates from D. melanogaster extracts. Figure 5 shows that significant phosphatase activity is immunoprecipitated specifically from both embryo and adult D. melanogaster extracts with the anti-Bif antibody but not with the preimmune IgG. This activity is totally inhibited by the PP1-specific inhibitor I-2 protein, demonstrating that the activity is due to PP1 in the precipitate. Wild-type (wt) Bif but not mutated Bif F995A can rescue the eye phenotypes of bif null mutants. Our in vitro data and sedimentation assays have shown direct binding of Bif with PP1-87B and indicated that Bif and PP1 are part of a complex in vivo. To elucidate the functional significance of this interaction in vivo, both wt bif ϩ and an F995A mutated form of bif (bif F995A ), which does not bind PP1 in vitro, were introduced as transgenes in the pUAST vector (9) under the control of the GAL4-UAS into bif mutant flies. Homozygous and hemizygous deletions of the X-linked bif gene affect the morphology of the compound eye in Drosophila (5). Externally, the wt eye is comprised of ϳ800 ommatidia arranged in hexagonal shapes with bristles projecting from alternate ommatidial vertices (45) (Fig. 6A ). In the bif R47 null allele, which deletes 3 kb from coding exon 3 of bif (5), adult eyes show bristles that are short, missing, or duplicated (Fig. 6B ) and adjacent ommatidia show fusion at a low frequency. Expression of a wt UAS-bif ϩ transgene in many of the cells of the ommatidia, using the pGMR-GAL4 driver (20) , rescues this bif mutant phenotype (Fig. 6C) ; in contrast, expression of the UAS-bif F995A in a bif null mutant could not effect this rescue (Fig. 6D) . In these experiments the levels of the mutant and wt transgene expression are similar (compare Fig. 6I and J) .
Internally, the wt ommatidia contain eight photoreceptor cells (R1 to R8), each of which projects into the center a light-gathering organelle called the rhabdomere. Rhabdomeres are round. The rhabdomeres for R1 to R7 are organized in an asymmetric trapezoidal pattern, with the R7 rhabdomere located at the center; the R8 rhabdomere lies under the R7 rhabdomere and is not visible at this plane of section (45) (Fig. 6E) . In bif null mutants, the majority of rhabdomeres are elliptical; in addition, the trapezoidal organization is also disrupted (Fig. 6F) . These defects could be partially rescued by pGMR-GAL4-driven expression of UAS-bif ϩ (Fig. 6G) , but pGMR-GAL4-mediated expression of UAS-bif F995A cannot rescue these defects (Fig. 6H) .
At the subcellular level, bif mutations affect F-actin localization, causing an abnormal pattern of F-actin distribution (5). In wt ommatidia from 55-h pupal eye imaginal discs, F-actin is localized in a starlike pattern at the center of each ommatidium, with intense localization at the microvillar tips of the rhabdomeres facing the central space (31) (Fig. 7A) . In bif null ommatidia of the same stage, the starlike pattern of F-actin becomes abnormal, with an elongated and fused central region and decreased spacing in the center of the eye (Fig. 7B) . The pGMR-GAL4-mediated expression of UAS-bif ϩ can rescue this defect, whereas expression of UAS-bif F995A cannot (Fig. 7C  and D) .
That the rescue of the various bif mutant phenotypes by expression of UAS-bif ϩ driven by pGMR-GAL4 is not always complete could be attributed to several reasons. There are several alternatively spliced transcripts produced by the bif locus and more than one isoform could be required to show complete rescue; it could also be due to differences between wt and pGMR-GAL4-driven levels and/or patterns of protein expression in the eye. Overall the levels of phenotypic rescue seen with the wt bif transgene are high, whereas the bif F995A mutant transgene, which encodes a protein that cannot bind PP1 in vitro shows no obvious rescue (see legends for Fig. 6  and 7) . Therefore, the in vivo results are consistent with the in vitro data and demonstrate that an intact in vitro PP1-binding site in Bif is essential for its function in vivo.
DISCUSSION
We have identified the D. melanogaster protein Bif as a PP1-binding protein using the yeast two-hybrid system. Although human PP1␥ 1 was used to perform the screen, the high degree of sequence identity between mammalian PP1c and D. melanogaster PP1c should allow identification of true positives. Supporting this view are previous studies using the same approach, which identified D. melanogaster I-2 and a related testis-specific protein, I-t, as PP1-binding proteins (22, 25) . The interaction of Bif with PP1 is likely to reflect an in vivo interaction for the following reasons. We have shown that the carboxy-terminal 474 amino acids of Bif identified in the twohybrid screen interact with both mammalian PP1␥ 1 and D. melanogaster PP1-87B in vitro, as judged by several different techniques. This portion of Bif contains a consensus PP1-binding site, RVQF, and mutation of F995 within this motif blocks interaction with both mammalian PP1c and D. melanogaster PP1c in vitro. The analogous F residue in the PP1 consensus binding site of other regulatory subunits has been shown to make important hydrophobic contacts with PP1c that are essential for binding (18) . Immunoprecipitation of endogenous Bif from adult and embryonic D. melanogaster extracts coprecipitates PP1c, as judged by both immunoblotting and protein phosphatase assays. In addition, interaction of PP1c with bacterially expressed and endogenous Bif can be efficiently disrupted by a synthetic peptide that is known to disrupt interaction of other PP1-binding proteins with PP1c (18, 22, 23, 29) .
A role for bif in the development of the eye was previously described through the isolation and examination of mutations of the bif locus (5). Null bif mutants exhibited a rough eye phenotype at the morphological level, disorganized rhabdomeres in the ommatidia at the cellular level, and alterations in the actin cytoskeleton at the subcellular level. In order to see whether the binding of PP1 to Bif was important for its function, we decided to compare the effects of transforming a bif null mutant line with wt Bif and Bif mutated in the PP1-binding site at F995. Expression of wt bif transgenes resulted in significant rescue of the rough eye defects, rhabdomeral organization, and actin cytoskeleton abnormalities. The reason why rescue is not always complete may be that the level of Bif expression differs from the wt level; similarly, we cannot rule out the possibility that the transgenes used for transformation do not contain sites that would allow alternative splicing and the production of transcripts that encode distinct Bif proteins. Nevertheless, clear restoration towards the wt morphology for all of the phenotypes associated with bif loss of function is seen when the wt transgene is expressed in bif mutants. In contrast, expression of transgenes encoding the Bif F995A mutant protein, which disrupts binding to PP1, was unable to rescue any aspects of the mutant phenotype, even though the expression level of the transcript was similar to that in the wt rescue.
These results indicate that the PP1-Bif interaction is critical for the rescue (and therefore function). Although it is possible that the F995A mutant causes a conformational change in Bif, this is unlikely because some weak binding of BifF995A to PP1 is observed, consistent with residues surrounding the PP1-binding motif still being in the correct orientation to contribute their normal interactions. The latter in the presence of F995 are likely to account for the very tight binding of wt Bif to PP1 that is observed.
The studies presented here indicate that the normal morphology of the adult eye is dependent on the interaction of Bif with PP1 and suggest that a major function of Bif is to target PP1c to a specific subcellular location to regulate the normal developmental pattern of the eye. At the molecular level, the background. The panels show regions of eye discs from wandering third-instar larvae, stained with anti-Bif antibody (green) at the plane of some of the photoreceptor preclusters. As can be seen, both transgenes express Bif protein of similar levels. In this plane of section, Bif is expressed only in the cells that also show Bif expression in the wt; Bif expression in other regions, like the cone cells, is not shown in this figure. organization of the actin cytoskeleton is dependent on the Bif-PP1 interaction, suggesting that PP1 may influence actin movement or operate in a pathway that regulates actin distribution within the cell. Although the actin cytoskeleton is a highly ordered structure, it is very dynamic, undergoing changes that affect cell shape, motility, and adhesion. Bif does not possess a known actin-binding motif, but its subcellular location within the eye is consistent with its playing a role in actin function and possibly binding to some component of the actin cytoskeleton (5) . Recently two novel actin-binding proteins found in mammalian neurons, neurabin I and II, have been shown to bind PP1c (1, 32, 33, 37) . Neurabin I was highly concentrated at the synapse of developed neurons and in the lamellopodia of the growth cone during the development of neurons, suggesting that it is required in synapse function and formation (34 pressed but is enriched in the postsynaptic density fraction of the brain (37) . The presence of a PDZ domain that might bind to a transmembrane protein and their localization make it likely that neurabins I and II bind at the plasma membrane. The neurabins have therefore been suggested to serve as linkers between the actin cytoskeleton and the plasma membrane at cadherin-based cell-cell adhesion sites (37) and to localize PP1c to the plasma membrane in dendritic spines of neurons, where the complexes may modulate synaptic transmission (1). Both neurabins I and II show F-actin cross-linking activity, as do the ␣-actinin-spectrin family of actin-binding proteins. However, the actin-binding sites on the neurabins are distinct from other known actin-binding sites. Bif does not appear to be a Drosophila homologue of the mammalian neurabins, because it has no sequence similarity to these proteins and its tissue localization is distinct, In addition, there is a gene (CG16757) located at 62E6-8 in the Drosophila genome that encodes a putative neurabin homologue. However, the Bif-PP1c complex may serve functions in the photoreceptor cells of the eye analogous to those of the neurabin-PP1c complexes in other tissues, transmitting or modulating signals, possibly from cell-cell contacts, which cause a rearrangement of the actin cytoskeleton. This suggests that PP1c may play a general role in modulating the actin cytoskeleton. We have shown that Bif inhibits the phosphorylase phosphatase activity of PP1c, similarly to a number of other PP1c-binding proteins, such as the myosin binding subunits (27) and 53BP2 (21) . Neurabins I and II also inhibit the phosphorylase phosphatase activity of PP1c (1, 32, 33) . Neurabin I has been shown to be phosphorylated in vitro by protein kinase A (PKA), which decreases its binding to PP1c (33) . In addition, mutation of the phosphorylatable serine to glutamic acid reduces the inhibitory activity of neurabin, suggesting that the complex participates in a cyclic AMP-PKA signaling mechanism. Bif has several potential Ser/Thr phosphorylation sites; in the vicinity of the PP1-binding motif, the carboxy-terminal R47 mutant shows disorganized F-actin staining and merged rhabdomeres in the center of the eye, which is seen at a frequency of 92% in the 100 ommatidia scored in pupae. (C) Rescue of the bif pupal eye disc phenotype by pGMR-driven expression of a bif ϩ transgene. The expression of the wt UAS-bif transgene caused the defective F-actin staining to revert to near-wt patterns, with only 16% of the ommatidia retaining the mutant phenotype (n ϭ 100). (D) Expression of the bif F995A mediated by the pGMR-GAL4 driver fails to rescue the defective F-actin distribution pattern associated with bif R47 allele, as 86% of the ommatidia scored retain the mutant phenotype (n ϭ 100).
sequence of Bif, RRSSTIM, could serve as a potential phosphorylation site for PKA (as well as for a number of other kinases). Phosphorylation of Bif could affect PP1c binding and/or activity, allowing the Bif-PP1c complex to modulate signaling processes. Alternately or in addition, the Bif-PP1c complex might be required to dephosphorylate proteins associated with actin. Actin-binding proteins can bind to actin monomers, cross-link actin filaments into bundles or gels, sever actin filaments, or cap their growing ends. Some, such as myosin II (39) and cofilin (30) , are known to undergo phosphorylation. Dephosphorylation of such proteins, possibly by PP1c complexes, may effect a redistribution of the actin cytoskeleton.
